Low-speed centrifugation (640 g) of rat liver homogenates, prepared with a standard ionic medium, yielded a pellet from which a rapidly sedimenting fraction of rough endoplasmic reticulum (RSER) was recovered free of nuclei. This fraction contained 20-25% of cellular RNA and approximately 30% of total glucose-6-phosphatase (ER marker) activity. A major portion of total cytochrome c oxidase (mitochondrial marker) activity was also recovered in this fraction, with the remainder sedimenting between 640 and 6,000 g. Evidence is provided which indicates that RSER may be intimately associated with mitochondria. Complete dissociation of ER from mitochondria in the RSER fraction required very harsh conditions. Sucrose density gradient centrifugation analysis revealed that 95% dissociation could be achieved when the RSER fraction was first resuspended in buffer containing 500 mM KC1 and 20 mM EDTA, and subjected to shearing. Excluding KCI, EDTA, or shearing from the procedure resulted in incomplete separation.
either structure or function of this organelle in vivo. Problems arise particularly in studies concerned with isolating rough ER free of other organelles, but under conditions which do not disrupt ribosome-membrane attachments. Consequently, biochemical tests are often restricted to the component of total rough ER which can be easily purified (1, 3, 27) from postmitochondrial supernates even though this fraction may represent a relatively small portion (10-50%) of total.
Earlier studies in this laboratory (18) compared the distribution and morphology of rough ER between low-and high-speed sediments from rat liver homogenates which had been prepared with a standard ionic medium (designated rapidly sedimenting rough endoplasmic reticulum, RSER, and microsomal rough ER, respectively). Even after vigorous homogenization of liver tissue, the RSER fraction contained rather large stacks of cisternae which retained the familiar bilamellar configuration normally seen in vivo, whereas microsomal rough ER was recovered, as expected, consisting only of small vesicles. Moreover, when RSER was separated from nuclei by differential centrifugation, electron microscopy revealed that the fraction also contained a large number of mitochondria in close association with the rough ER lamellae. The present paper is concerned primarily with extending this observation, whereas the following paper (27) compares the mRNA content of RSER and microsomal ER.
Mitochondria in rat hepatocytes exhibit heterogeneity in both size and morphology, conditions which are considered to reflect differences in respiratory state and biosynthetic activity (for recent reviews, see references 4, 21) . It is possible that such differences may correspond to different topographical positions of mitochondria within the cell, particularly as this pertains to associations of mitochondria with different organelles. In the present study, for example, evidence is also provided which indicates that mitochondria which are closely associated with RSER exhibit relatively low incorporation of cytoplasmically synthesized proteins compared to mitochondria recovered from a postnuclear 6,000-g pellet.
MATERIALS AND METHODS

Animals
l10-130-g male rats (Sprague-Dawley strain) were maintained in wire-floored cages and provided with standard food pellets and water ad lib. Starvation procedures were specifically avoided in this study. Animals were sacrificed by cervical dislocation and the livers were quickly removed for analysis.
Subcellular Fractionation
The procedure described here is similar to one previously reported by Lewis and Tata (18) . Freshly excised liver (5.0-5.5 g) was placed in 50 ml of cold (2~ homogenization medium containing 0.35 M sucrose, 50 mM Tris acetate, pH 7.6, 25 mM KCI, and 10 mM Mg acetate (designated 0.35S Ts0 K25 Mlo). After determining fresh weight, tissue was minced with scissors and washed twice more. Homogenization (2~ was carried out in 3 vol of medium in a glass-Teflon Potter-Elvehjem homogenizer (Jencors Scientific Ltd., Hemel Hempstead, Herts., England) (radial clearance 0.15-0.20 mm when cold) rotating at -1,I00 rpm (10 up-and-down strokes). After passing through nylon cloth, the homogenate was centrifuged at 640 g (10 min) to yield a lowspeed pellet from which a membrane fraction designated rapidly sedimenting endoplasmic reticulum (RSER [18] ) was recovered as follows: the pellet was suspended to 15 ml in 0.4S I"50 M5 (0.4 M sucrose, 50 mM Tris acetate, pH 7.6, 5 mM Mg acetate), diluted with 9 ml of H~O, given five strokes with a glass-Teflon homogenizer, and the suspension layered on 12 ml 0.4S Tso M5 in a conical tube and centrifuged at 240 g for 10 min. Nuclei, cell debris, and erythrocytes were collected as a large pellet while the supernate retained the RSER fraction. For sucrose gradient analyses, particulate material in this fraction was first collected by centrifuging at 15,000 g for 15 min.
A second membrane fraction was obtained from the first 640-g supernate. After diluting with 1 vol of homogenization medium, material sedimenting at 6,000 g (10 min) was collected, resuspended, and recentrifuged. This fraction was denoted "640-6,000 g mitochondrial pellet".
Sucrose Density Gradient Analysis of the RSER and 640-6,000-g Mitochondrial Pellet Fractions
Routinely, RSER and 640-6,000-g pellet fractions were resuspended in 0.35S Tso M5 (2.5-4.0 mg protein/ ml) in a glass-Teflon homogenizer (four strokes). 1.0-ml Aliquots were layered on 12.0-ml linear gradients of 25-60% (wt/vol) sucrose containing Ts0 M5 buffer. Centrifugation was carded out for 2 h (2~ at 20,000 rpm in a Beckman SW-40 rotor (Beckman Instruments, Inc., Spinco Div., Palo Alto, Calif.). 0.5-ml Fractions were collected by pumping dense sucrose (1 ml/min) through the bottom of gradient tubes.
In experiments which were specifically designed to separate the ER and mitochondria components present in the two membrane fractions, the latter were resuspended in 0.35S T3o Ks0o E20 (0.35 M sucrose, 50 mM Tris acetate, oH 7.6,500 mM KC1, and 20 mM EDTA), left on ice for 15 min, and 6.0-mi aliquots were then SHORE AND TATA Two Fractions of Rough Endoplasmic Reticulum from Rat Liver. I 715 subjected to shearing at 2~ for three 2-s periods using an Ultra-Turrax Disintegrator (Janke and Kunkel, Staufen, W. Germany) set at 130 V. 1.0-ml Samples were analyzed as described above except that sucrose gradients contained Ts0 Ks00 E20 medium.
Marker Enzyme Assays
In all cases, rate-limiting levels of enzyme protein were present in the assays performed. With the exception of glucose-6-phosphatase determinations, measurements were made after adding the detergent Brij 35 (Atlas Chemical Industries, Inc., Wilmington, Del.) (0.5-1.0% final concentration) to the various membrane fractions. Enzyme determinations were made only on freshly prepared membrane fractions.
Glucose-6-phosphatase is present in ER and the nuclear envelope in rat hepatocytes (29) and was assayed (10) using particulate material collected by centrifugation from subcellular fractions or diluted gradient fractions. After suspending in 50 mM cacodylate buffer, pH 6.0, aliquots (100-400 #g protein) were incubated in 1.0 ml of 50 mM cacodylate buffer, pH 6.0, 20 mM glucose-6-phosphate for 20 rain at 30~ TCA was added (5% final concentration) and soluble Pl content was determined (7). Activity is expressed as micromoles PI liberated per 20 min.
Cytochrome c oxidase is located in mitochondria at the inner membrane (25) . Assays (8) were performed by incubating enzyme samples (10-60/~g protein) in 2.5 ml of 50 mM phosphate buffer, pH 7.4, 20 p,M cytochrome c (Sigma type 111, reduced with sodium dithionite). Activity was measured by the loss in absorbance of cytochrome c at 550 nm (room temperature), using a Giiford 240 spectrophotometer (Gilford Instrument Laboratories, Inc., Oberlin, Ohio) coupled to a digital absorbance meter. The rate of cytochrome c oxidation was calculated using an extinction coefficient of 18.5/ mM per cm (14) .
Monoamine oxidase (located in the outer membrane of mitochondria, [25] ) was measured (30) in a reaction mixture containing 25 p,l from gradient fractions (up to 50 ~tg protein), 250 /zl of 0.2 M phosphate buffer, pH 7.4, and 25 p,l of [aH]tryptamine (0.25 mM, 0.58/xCi). Incubation was carried out for 20 min at 37~ Activity was estimated as described in reference 30 by measuring the conversion of [aH]tryptamine to [3H]indoleacetic acid. HCl (0.4 ml, 1.0 N) and toluene (6.0 ml) were added to reaction tubes and the contents were vigorously mixed. The mixtures were centrifuged at 1,000 g for 10 rain, and the radioactivity in the toluene phase was determined (up to 40,000 cpm incorporated per reaction).
Adenylate kinase activity present in mitochondria is located in the space between the inner and outer membranes (25) . It was assayed at room temperature by a coupled reaction as described in reference 25. Reactions contained in 1.5 ml: up to 150 /,~g of protein from gradient fractions, 0.75 mM NADP +, 15 mM glucose, 3 mM ADP, 0.45 mM KCN, 70 mM Tris acetate, pH 9.0, 5 mM Mg acetate, 15 U of hexokinase, and 0.6 U of glucose-6-phosphate dehydrogenase. The increase in absorbance (340 nm) which occurred between 1.5 and 2.5 min after the start of the reaction was recorded (up to 0.14 OD U per reaction).
Malate dehydrogenase in mitochondria is located in the matrix (5). Assays (22) contained 10-100 /~g of protein from gradient fractions in 3.0 ml of a medium containing 25 mM Tris acetate, pH 7.4, 50/xM NADH, and 250 /xM oxaioacetate. The loss in absorbance of NADH was followed at 340 nm (up to 0.20D U/min per reaction).
In Vivo Radioisotope Incorporation into Mitochondria
Nonstarved rats were given a single intraperitoneal injection of [~S]methionine (100-200 p, Ci, 260 Ci/mM) contained in 0.6 ml of 0.15 N NaCl 2 h before death. In experiments with cycloheximide, the inhibitor (5 mg in 0.5 ml of saline) was injected 15 min before and again 1 h after the injection containing label. RSER and 640-6,000-g pellet fractions were resuspended in 0.35S Ts0 Ks00 E20 medium, subjected to Ultra-Turrax treatment, and sedimented in sucrose gradients as described above, except that 5.0-ml aliquots of resuspension (12-18 mg protein) were layered on 33 ml, 25-60% sucrose gradients and centrifuged for 2 h at 20,000 rpm in a Beckman SW27 rotor. Regions of the gradient corresponding to mitochondria, as located by cytochrome c oxidase activity, were removed and diluted with H~O containing 50 mM unlabeled methionine. An equal volume of 10% TCA was added and faixtures were left on ice for 30 rain and then placed in a hot (90~ water bath for 15 rain. TCA-insoluble material was collected by centrifugation (10,000 g, 10 rain) and further extracted with hot 5% TCA (4 mM methionine) for 15 rain, cooled, collected on glass-fiber filters (Whatman GF/C), washed twice with 5% TCA, dried, and the radioactivity was measured in scintillation fluid using a Beckman LS-250 Liquid Scintillation System (Beckman Instruments, Inc., FuUerton, Calif.) (90% efficiency).
Electrophoresis of Mitochondrial Proteins
Solubilized mitochondrial proteins were analyzed by sodium dodecyl sulphate (SDS)-polyacrylamide gel electrophoresis using a discontinuous buffer system by a procedure modified from Laemmli (17) . Mitochondria (free of ER) were isolated by sucrose gradient centrifugation as described above, extracted with TCA, and dissolved at 80~ in SDS sample buffer (5% SDS [wt/ vol], 0.7 M 2-mercaptoethanol, 10% glycerol, 50 mM Tris-HCl, pH 6.7, 0.01% bromophenol blue). Slab gels were prepared by standard procedures to give a stacking region (3% acrylamide, 0.08% bis-acrylamide, 60 mM Tris-HCl, pH 6.7, 0.1% SDS) and a resolving region 
Chemical Assays
Protein estimations were made on TCA-insoluble material by the method of Lowry et al. (19) . RNA was measured by the Fleck and Munro procedure (11 ) . DNA was measured with the diphenylamine reagent (6), and inorganic phosphate was assayed with the ammonium molybdate reagent (7).
Electron Microscopy
Freshly excised liver tissue was quickly diced at 2~ in 2.5% glutaraldehyde, 0.1 M cacodylate, pH 7.2, and incubated for 5 min with three changes of solution. After washing briefly (2-3 min) with buffer at 2~ the tissue was postfixed (1 h, room temperature) with 2% osmium tetroxide buffered with 0.1 M cacodylate, pH 7.2.
Membrane preparations were pelleted and fixed overnight at 2~ in 2% glutaraldehyde, 0.2 M sucrose, and 0.1 M cacodylate, pH 7.2. Pellets were diced, washed, and postfixed (2 h, room temperature) in a 2% osmium tetroxide solution containing 7% glucose and 0.1 M cacodylate, pH 7.2. In certain instances (Figs. 3 and 4) , fixations were performed with 0.1 M phosphate buffer, pH 7.2.
After dehydrating in a graded series of alcohol concentrations (30-100% over 3-4 h), material was embedded in an Araldite mixture (13) , sectioned, stained with 1% uranyl acetate and alkaline lead citrate (23) , and examined in a Philips EM model 300 or 201.
Chemicals
[~S]Methionine was purchased from the Radiochemical Centre, Amersham, England. Chemicals for electron microscopy were purchased from TAAB Laboratories, Reading, England. All other chemicals used in this study were of analytical grade and were purchased from either BDH Chemicals Ltd., Poole, England or Sigma London Chemical Co., Surrey, England. Fig. 1 shows an electron micrograph of a typical thin section through a rat hepatocyte. It is included here to emphasize the distinctive morphology of hepatic rough ER. This membrane is not distributed uniformly throughout the cytoplasm, but rather it exists primarily as clusters of cisternae which are in turn closely associated with mitochondria. Table I records the distribution of glucose-6-phosphatase (ER marker), cytochrome c oxidase (mitochondrial marker), and RNA after fractionation of liver homogenates by differential centrifugation. No attempt was made to include ingredients in the homogenization medium which are widely used to "free" mitochondria from adhering ER (e.g., EDTA [24] ; or low ionic-strength media [26] ).
RESULTS
Distribution of Mitochondria and ER between Subcellular Fractions
Consequently, the majority of mitochondria (>75 %, as judged by marker enzyme levels) were found to cosediment with a substantial portion of total ER (>45%), and were recovered in a lowspeed (640 g) pellet. Moreover, upon further fractionation of this low-speed pellet, these mitochondria were found primarily (70-80%) in the RSER fraction. This fraction also contains 20-25% of total cellular RNA and approximately 30% of total glucose-6-phosphatase activity.
A striking feature of the RSER fraction ( Fig. 2  and reference 18) is that rough ER largely retains the bilamellar configuration in which this membrane is normally encountered in intact cells (Fig.  1) . Fig. 2 also shows the close association between mitochondria and ER in pelleted RSER fractions, which again is reminiscent of the situation in vivo.
In contrast to RSER, microsomal rough ER recovered from 6,000-g (postmitochondrial) supernates is well known to exist as small vesicles under standard ionic conditions (e.g., references 1, 3, 9, 28). In Table I , 40-45% of total glucose-6-phosphatase activity is present in the postmitochondrial supernate. The small amounts of ER which are found in postnuclear mitochondrial pellets (640-6,000 g pellet, see Table I ) exhibit a heterogeneous morphology (Fig. 4) consisting of vesicles and small cisternae.
Separation of ER and Mitochondria Components of the RSER and 640-6,000-g Pellet Fractions
To investigate whether mitochondria in the RSER fraction are physically attached to ER membrane, attempts were made to separate the two components by means of linear sucrose gradients. When total RSER membrane was sedi- mented in 25-60% sucrose gradients containing T~0 M5 buffer, the majority of glucose-6-phosphatase activity in this fraction was found to cosediment with mitochondria at an approximate density of 1.2 g/cm ~ (fractions 20-24, Fig. 5 a) . If the RSER fraction was first resuspended in 0.35S Tso K~0o E20 buffer (i.e. conditions which resulted in almost complete release of 18 and 28S rRNA from ER, data not shown), then a major portion of ER marker (62%) still cosedimented with mitochondria, although the complex was recovered at a lower density (approximately 1.16 g/cm a) in the gradient (fractions 10-13, Fig. 5 b) . The shift to the lighter density was presumably a consequence of stripping of ribosomes from the ER and shrinkage of the mitochondria matrix due to hypertonicity of the medium. Complete separation (>95%) of RSER membrane from mitochondria was achieved (Fig. 5 c) by subjecting the RSER fraction to shearing in the presence of KC1 and EDTA using an Ultra-Turrax disintegrator. In this instance, mitochondria were again recovered at density 1.16 g/cm 3 (fractions 10-14, Fig. 5 c) whereas less than 5 % of total glucose-6-phosphatase activity present in RSER was recovered in these same fractions. Rather, glucose-6-phosphatase now banded at approximately 1.11 g/cm 3 (fractions 2-5), typical of vesicularized ER devoid of attached ribosomes. Separation of these components was not achieved if either KC1 or EDTA was absent. The sequence of procedures described in Fig. 5 a-c for dissociating ER and mitochondria was repeated for the 640-6,000-g pellet fraction (Fig. 6  a-c) . Under all of these conditions, the sedimentation patterns of cytochrome c oxidase were similar tO those obtained for the RSER fraction. And even though a relatively small fraction of total ER is recovered in 640-6,000-g pellets (Table I) , glucose-6-phosphatase activity in this fraction still approximately cosedimented with mitochondria under nondissociating conditions (no KC1 and EDTA, Fig. 6 a) , but complete (95%) separation was achieved by shearing in the presence of 500 mM KCI and 20 mM EDTA (Fig. 6 c) , i.e., similar to the situation for RSER shown in Fig. 5 a and c. Differences were obtained, however, in the sedimentation characteristics of glucose-6-phosphatase activity in 640-6,000-g pellets compared to RSER under conditions of only partial dissociation (i.e., KCI, EDTA, but no Ultra-Turrax treat* ment). Whereas 62% of glucose-6-phosphatase activity in RSER cosedimented with mitochondria under these conditions (Fig. 5 b) , the corresponding value in Fig. 6 b is at most 20%. A major fraction (40%) of ER marker enzyme was recovered from near the top of the gradient, with the remaining 60% sedimenting broadly throughout the gradient. Thus, if physical associations exist between ER and mitochondria in the 640-6,000-g mitochondrial pellet fraction, these are evidently more labile than interaction between ER and mitochondria in the RSER fraction.
Electron micrographs of mitochondria isolated from RSER fractions using the Ultra-Turrax technique show (Fig. 3 ) that they were recovered free of ER, but also reveal that a certain amount of shrinkage of inner matrix and at least partial disruption of outer membrane occurred. To further test the extent of this loss of structural integrity, experiments were performed similar to those described for Fig. 5 a and c , except that the distribution in these gradients of a variety of mitochondrial enzymes, each of which occupies a different compartment within the mitochondrion, was determined (Fig. 7) . Leakage of enzymic protein (20-30%) evidently occurred from the intermembrane compartment (as distinguished by adenylate kinase activity) and from the inner matrix (malate dehydrogenase), whereas less than 8% of monoamine oxidase activity (outer membrane) and no cytochrome c oxidase activity (inner membrane) were released. Similar results were obtained for the 640-6,000-g pellet fraction (data not included). RSER fraction and from the 640-6,000-g pellet fraction after injection of animals with [~S]methionine. The radioactivity in mitochondria isolated from the RSER fraction was 50% greater than in mitochondria present in the 640-6,000-g pellet fraction from an equivalent amount of tissue. However, the former has a mitochondrial content which is three times greater than the latter. This is based on protein measurements (Table II), but a comparison of cytochrome c oxidase activity in the two fractions (Table I) yields a similar value. Thus, per milligram protein, mitochondria purified from the 640-6,000-g pellet fraction incorporated radioactivity to an extent 2.2 times greater than did mitochondria from the RSER fraction. When the data are expressed per unit cytochrome c oxidase activity, the magnitude of this ratio is again very similar (i.e. 1.9 times greater); no cytochrome c oxidase activity is lost during the purification of mitochondria by the Ultra-Turrax technique (Figs. 5-7) . The two fractions of mitochondria, therefore, may not derive from a common population of mitochondria within the liver. Moreover, assuming that a common or similar sized precursor pool of amino acid contributes to the synthesis of mitochondria proteins in the two fractions, mitochondria present in the 640-6,000-g pellet fraction exhibit greater biosynthetic activity than mitochondria associated with RSER. In both instances, however, the radioactive proteins were of cytoplasmic origin. Cycloheximide prevented incorporation of radioactive precursor by 90%, and the remaining 10% did not account for any radioactive peaks when mitochondrial proteins were resolved on an SDSpolyacrylamide gel (see Materials and Methods, data not shown).
Cytoplasmic Synthesis of Mitochondrial Proteins In Vivo
DISCUSSION
FIouRE 4 Electron micrograph of the 640-6,000-g The portion of total hepatic ER which can be pellet fraction, x 22,000. Bar, 0.5 ttm. recovered as RSER from low-speed sediments of * The table describes a typical experiment in which animals were injected with 100/zCi [~S]methionine and, after 2 h, the RSER and 640-6,000-g pellet fractions were prepared. Mitochondria from the two fractions were purified by sucrose gradient centrifugation in Ts0 Ksoo E~o buffer after Ultra-Turrax treatment (Materials and Methods, Figs. 5 and 6) and extracted with TCA. Radioactivity in the insoluble material was measured as described in Materials and Methods. This experiment was repeated twice and yielded results very similar to those presented. ~: Enzyme assays were not performed in this experiment but rather were obtained from Table I (11.2 U/g liver for RSER and 4.0 U/g liver for the 640-6,000-g pellet). Table I lists a distribution for cytochrome c oxidase activity which has been obtained repeatedly in numerous tests. Under the conditions of mitochondria purification, loss of this enzyme could not be detected (Figs. 5-7) . each of the three fractions (a, b, and c) were analyzed by centrifuging in a pair of tubes containing matched density gradients (12.0 ml, 25-60% (wt/vol) sucrose and containing the appropriate buffer, Ts0 M5 or Ts0 Ks00 E20). Centrifugation was carried out for 2 h (2~ at 20,000 rpm in a Beckman SW40 rotor after which 0.5-ml fractions were collected from each pair of tubes. One set was analyzed directly for cytochrome c oxidase activity (micromoles cytochrome c oxidized per minute per fraction). Fractions from the second gradient of each pair which corresponded to regions of the gradient containing a membrane band were pooled, diluted, and particulate material was pelleted by centrifuging for 45 min at 45,000 rpm (Beckman type 65 rotor). Pellets were resuspended in 20 mM cacodylate buffer, pH 7.0, and assayed immediately for glucose-6-phosphatase activity (micromoles Pt liberated/20 min per pooled fractions). The only visible membrane-containing bands in the gradients were those associated with glucose-6-phosphatase or cytochrome c oxidase activity. Recovery of total glucose-6-phosphatase activity in the pooled fractions assayed was 65, 98, and 89% for panels a, b, and c, respectively. Ribosomal RNA (18 and 28S) banded with glucose-6-phosphatase in panel a, but in panels b and c it was entirely recovered in the overlay above the gradient. liver homogenates yields a fraction which is particularly enriched in mitochondria as well (Table I , Fig. 2 , and reference 18). In view of the evidence for direct attachment between ER cisternae and mitochondria in the intact hepatocyte (12, 20) , an obvious question is whether such attachment exists between RSER and mitochondria in vitro and, if so, whether association with RSER is of some physiological significance. In particular, we were especially concerned with the possibility that such an intimate association might serve to facilitate the in vivo transfer to mitochondria of proteins newly synthesized on membrane-bound cytoplasmic ribosomes. As a first step toward investigating possible functions for the association between mitochondria and ER membranes in the RSER fraction, it was necessary to accomplish a quantitative separation of the two organelles. It was found that harsh treatments were required to separate completely RSER from mitochondria. A comparison of data in Table I F]OURE 7 Effects of 0.5 M KCI, 20 mM EDTA, and Ultra-Turrax treatment on the structural integrity of mitochondria during their isolation from RSER. Samples from an RSER fraction were resuspended in either 0.35S Tso M5 (a), or 0.35S Tso Ksoo F-n0 followed by Ultra-Turrax treatment (b), and analyzed by centrifugation through 25-60% (wt/vol) sucrose gradients containing either Tso M5 or Tso K~oo E20 buffers (conditions the same as for Fig. 5 a and c) . Gradient fractions (0.5 ml) were assayed for the following mitochondrial enzymes (see Materials and Methods): monoamine oxidase (1, located in the outer membrane); adenylate kinase (A, located between the inner and outer membrane); cytochrome c oxidase (A, located in the inner membrane); and malate dehydrogenase ([], located in the matrix). Enzyme activity per fraction is expressed as the percent of total activity which was recovered from the gradient. The distribution of glucose-6-phosphatase activity in a and b above was the same as in Fig. 5 a and c , respectively.
62% of RSER (equivalent to approximately 18% of total liver ER as judged by glucose-6-phosphatase measurements) still cosediments with mitochondria in sucrose gradients, even though these conditions remove entirely the ribosomes attached to the ER (legend, Fig. 5) . A complete separation could be achieved only if the RSER fraction was subjected to a shearing procedure in the presence of KCI and EDTA (Fig. 5 c) . A certain amount of damage to the structural integrity of these mitochondria resulted from this treatment (Figs. 3 and  7) but, nevertheless, the method represents the minimal requirements. Complete separation is not achieved if KCI, EDTA, or Ultra-Turrax grinding is excluded, or if RSER fractions are merely washed repeatedly with KC1 and EDTA, and recovered by differential centrifugation. That such harsh conditions are required for separation is interpreted to mean that RSER cisternae and mitochondria membrane are continuous.
In yeast, Kellems et al. (16) have suggested that a large proportion of mitochondrial proteins are synthesized by cytoplasmic ribosomes attached to the surface of mitochondria. A main conclusion from the present study, however, is that ribosomes associated with RSER probably do not fulfill a similar function in rat liver since mitochondria associated with RSER do not preferentially incorporate newly made proteins to an extent predicted by such a scheme. In fact, these mitochondria exhibit cycloheximide-sensitive incorporation of [35S]methionine in vivo at only half the apparent rate exhibited by mitochondria purified from a 640-6,000-g pellet (Table II) . Moreover, this conclusion is enhanced by results presented in the following paper (27) which indicate that cytoplasmic mRNA's that code for mitochondrial proteins are present in RSER in relatively low levels compared to the microsomal class of rough ER which is normally obtained in vitro from postmitochondrial (6,000 g) supernates. It may be, however, that close associations also exist in vivo between this microsomal rough ER and the 'active' mitochondria recovered in the 640-6,000-g pellet fraction, and that these function in the synthesis and transport of proteins to the mitochondrion (see reference 27 for discussion). If true, these associations are presumably more labile during tissue homogenization than RSER mitochondria associations, a conclusion which is supported by the evidence provided in Fig. 6 . Finally, it should be emphasized that further work is required to establish whether the different populations of mitochondria and rough ER identified in this study (see also reference 27) occupy different regions within the same cell or derive from different cell populations in the liver lobule.
Even if RSER is not particularly active in the formation of mitochondrial protein (biogenesis), it is difficult to imagine that its close association with mitochondria is without functional significance. An alternative explanation, therefore, is that such an association provides a mechanism for compartmentalizing protein synthesis near the biosynthetic source of ATP, or that the close association facilitates oxidative detoxification processes. Whatever the case, however, the fact that RSER and microsomal rough ER appear to have different levels of mRNA's associated with them which code for mitochondrial proteins (27) 
